Glucansucrases of lactobacilli:characterization of genes, enzymes, and products synthesized by Kralj, Slavko
  
 University of Groningen
Glucansucrases of lactobacilli
Kralj, Slavko
IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.
Document Version
Publisher's PDF, also known as Version of record
Publication date:
2004
Link to publication in University of Groningen/UMCG research database
Citation for published version (APA):
Kralj, S. (2004). Glucansucrases of lactobacilli: characterization of genes, enzymes, and products
synthesized. Groningen: s.n.
Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the



































 Carbohydrates, Cn(H2O)n constitute one of the four major classes of biomolecules, 
together with proteins, nucleic acids, and lipids and comprise most of the organic matter 
on earth (Stryer, 1995). The simplest carbohydrates are monosaccharides (aldehydes or 
ketones that have two or more hydroxyl groups). They can be linked through glycosidic 
bonds to form oligosaccharides (e.g. sucrose, maltotriose, panose), and polysaccharides 
(e.g. starch, dextran). Sucrose [α-D-glucopyranosyl-(1→2)-β-D-fructofuranoside] is a 
natural disaccharide, mainly found in sugar cane and sugar beet but also in many other 
plants, especially fruits. It lacks a free reducing group in contrast with most other sugars. 
Transglycosylation of sucrose (consisting of a glucose and fructose moiety) to α-glucan 




 Some lactic acid bacteria (LAB), including species of Lactobacillus are known to 
produce extracellular polysaccharides (EPS). Depending on their composition and 
mechanism of biosynthesis, EPS can be divided in two classes: homopolysaccharides 
(polymers composed of glucose or fructose units, respectively) or heteropolysaccharides. 
The latter are composed of a variety of sugar residues, mainly glucose, galactose, fructose 
and rhamnose. In some cases charged groups such as acetate, phosphate or 
glycerolphosphate are present (de Vuyst & Degeest, 1999).   
 
Heteropolysaccharides of lactic acid bacteria 
 Intracellular sugar nucleotides, formed from intermediates of central carbon 
metabolism play an essential role in heteropolysaccharide synthesis. The activated sugar 
nucleotides are transferred onto a lipophilic carrier, followed by assembly of the 
oligosaccharide repeating unit by specific glycosyltransferases. Then the repeating unit is 
exported, polymerized and released (in the case of secreted polysaccharides) (Jolly et al., 
2002, Welman & Maddox, 2003).  
 Genes important for heteropolysaccharide synthesis are located either on plasmids or 
on the chromosome. In both cases EPS biosynthesis genes are organized in gene clusters 
which show a clear conservation in organization and sequence. The clusters carry genes 
involved in regulation, polymerisation/chain length determination, biosynthesis of the 
repeating unit (glycosyltransferases), polymerization and export (de Vuyst & Degeest, 
1999, Jolly et al., 2002, Welman & Maddox, 2003). 
 
Homopolysaccharides of lactic acid bacteria 
 Homopolysaccharides of lactic acid bacteria (LAB) can be divided into two groups: i) 





synthesized by streptococci (Carlsson, 1970, Hancock et al., 1976, Simms et al., 1990), 
Leuconostoc mesenteroides (Robyt & Walseth, 1979) and two different lactobacilli: 
Lactobacillus  reuteri 121 (van Geel-Schutten et al., 1999, van Hijum et al., 2001) and 
Lactobacillus sanfranciscensis LTH2590 (Korakli et al., 2003). The lactobacilli 
Lactobacillus frumenti, Lactobacillus pontis, Lactobacillus panis and Weissela confusa 
also produce fructans, but the exact binding types have not been determined (Tieking et 
al., 2003). Levan formation has also been observed for the non-LAB Gluconobacter 
diazotrophicus (Hernandez et al., 1995), Zymomonas mobilis (Kyono et al., 1995, Song et 
al., 1993) and Bacillus spp. (Li et al., 1997, Perez Oseguera et al., 1996, Tanaka et al., 
1978). b) inulin containing β-(2→1) linked fructose molecules, are synthesized by 
(cariogenic) Streptococcus species, Leunostoc citreum CW28 and by an inulosucrase of 
Lb. reuteri 121 (Ebisu et al., 1975, Shiroza & Kuramitsu, 1988, Rosell & Birkhed, 1974, 
van Hijum et al., 2002, Olivares-Illana et al., 2003). 
 ii) α-D-glucans, comprising the following five groups (Fig. 1): (a) reuteran, 
containing large amounts of α-(1→4) glucosidic bonds synthesized by Lb. reuteri 121 
and Lactobacillus reuteri BioGaia (Kralj et al., 2002, Kralj et al., 2004a), (b) dextran, 
containing predominantly α-(1→6) linked glucopyranosyl units in the main chain 
(Cerning, 1990), (c) mutan, a polyglucose with mainly α-(1→3) linkages (various 
streptococci) (Hamada & Slade, 1980) and Lactobacillus reuteri ML1 (Kralj et al., 
2004b), (d) alternan with alternating α-(1→6) and α-(1→3) linked D-glucopyranosyl 
units (Leuconostoc mesenteroides NRRL B-1355) (Arguello-Morales et al., 2000), and (e) 
glucan polymers containing large amounts of α-(1→2) linkages (predominantly α-
(1→2,6) branching points), produced by Leuconostoc mesenteroides strain NRRL-B1299 
and a mutant strain (R510) of Ln. mesenteroides NRRL B-1355 (Bozonnet et al., 2002, 
Smith et al., 1998). Within these five distinct groups the glucans may further differ in the 
nature and amount of other glucosidic linkages present, e.g. of the α-(1→2), α-(1→3), α-
(1→4) or α-(1→6) type, the degree of branching, the type of branching point, e.g. with α-
(1→2,6) to α-(1→3,6), or α-(1→4,6) glucosidic linkages, molecular weight, the length of 
the branching chains and their spatial arrangement (Monchois et al., 1999d). As a result, 
there are large variations in solubility and other physical characteristics of the glucans 
(Monchois et al., 1999d). 
 Other homopolysaccharides synthesized by LAB are β-glucans produced by 
Pediococcus spp. and Lactobacillus spp. (Llauberes et al., 1990, Duenas-Chasco et al., 
1998) and galactan synthesized by Lactococcus lactis subspecies cremoris H414 (Gruter 
et al., 1992). However these polysaccharides are synthesized in the same way as 














FRUCTAN SYNTHESIZING ENZYMES 
 Bacterial fructans are synthesized by sucrase type of enzymes, the 
fructosyltransferases (FTFs). These extracellular enzymes cleave their substrate sucrose 
(or in some cases raffinose) and use the energy released (between the glucose and fructose) 
to couple a fructosyl unit to a growing fructan (polyfructose) chain, to sucrose, water 
(hydrolysis), or other acceptors. Inulin is synthesized by inulosucrase (sucrose: 2,1-β-D-
fructan 1-β-D fructosyltransferase; E.C. 2.4.1.9) and levan is synthesized by levansucrase 
(sucrose: 2,6-β-D-fructan 6-β-D fructosyltransferase; E.C. 2.4.1.10).  
Figure 1. Schematic structures of various LAB α-glucans: reuteran α-(1→4)/α-(1→6) (A), dextran α-






GLUCAN SYNTHESIZING ENZYMES 
 Glucansucrases, (commonly named glucosyltransferases; GTFs); are large 
extracellular enzymes capable of synthesizing various glucans (dextran, mutan, alternan 
and reuteran; Fig. 1) from sucrose. For example, dextran is synthesized by dextransucrase 
(sucrose: 1,6-α-D-glucan 6-α-D-glucosyltransferase; E.C. 2.4.1.5) and alternan is 
synthesized by alternansucrase (sucrose:1,6(1,3)-α-D-glucan 6(3)-α-D-glucosyltransferase; 
E.C. 2.4.1.140). Recently, an inulosucrase with structural features of both 
glucosyltransferases and fructosyltransferases was isolated from Ln. citreum CW28 
(Olivares-Illana et al., 2003). 
 Two different reactions are catalyzed by glucansucrase enzymes, depending on the 
nature of the acceptor: i) hydrolysis, when water is used as acceptor; ii) glucosyl transfer 
(transferase), which can be divided in: a) polymerization, when the growing glucan chain 
is used as acceptor, and b) oligosaccharide synthesis, when oligosaccharides (e.g. maltose, 
isomaltose) are used as acceptor. The bond between the glucose and fructose moiety from 
sucrose provides the energy for catalysis and formation of a new glycosidic bond.  
 α-Glucan synthesis has been observed in four different genera of lactic acid bacteria: 
streptococci, leuconostocs, weissella and lactobacilli (Monchois et al., 1999d, Kralj et al., 
2004b, Kralj et al., 2004a, Kralj et al., 2002, Tieking et al., 2003, van Geel-Schutten et al., 
1998). In the draft genome sequence of Oenococcus oeni a glucansucrase gene identical 
to a dextransucrase gene (dsrD) from Leuconostoc mesenteroides Lcc4 can be found 
(http://www.jgi.doe.gov/JGI_microbial/html/index.html). All GTFs from lactic acid 
bacteria share a common structure and are composed of four distinct domains: their N-
terminal end starts with (i) a signal peptide, followed by (ii) a highly variable stretch, (iii) 
a highly conserved catalytic or sucrose binding domain and (iv) a C-terminal glucan 
binding domain, composed of a series of tandem repeats (Monchois et al., 1999d) (Fig. 2). 
The glucansucrase from Ln. mesenteroides NRRL-B1299 (DSRE), synthesizing a dextran 
with high amounts of α-(1→2) branch linkages, has an additional C-terminally located 
catalytic domain (Bozonnet et al., 2002). 
 
 The signal peptide and variable domain of GTFs 
 Almost all GTFs are extracellular enzymes and the N-terminus of these enzymes 
contains a signal peptide for protein secretion (Fig. 2). The stretch of amino acids between 
the signal peptide and the core region of GTFs is highly variable both in composition and 
in length.  
 Repeating units could be identified in the variable domains of alternansucrase and 
dextransucrases from Ln. mesenteroides sp. (partial A-repeats; WYYFDNNGYAVTLGL 
QTINGQHLYFDANGVQVKG, boldface type indicates conserved amino acids) 
(Janecek et al., 2000), DSRT from Leuconostoc mesenteroides NRRL B-512F (motif T; 





al., 2000), DSRE from Ln. mesenteroides NRRL B-1299 (motif S; 

























Figure 2. Schematic representation of the four different domains in GTFs (from LAB, i-iv), and the four 
regions with conserved amino acids (I-IV). The deduced amino acid sequence of the Lb. reuteri 121 
glucansucrase (GTFA) was used as template (Kralj et al., 2002). The four different domains shown are i) 
N-terminal signal sequence; ii) N-terminal variable region; iii) catalytic core; iv) C-terminal (putative) 
GBD. GTF sequences used are of heterologously produced GTF enzymes from lactic acid bacteria of 
which the distribution of glucosidic linkages in the glucans synthesized has been elucidated (Table 1).
Alignments (SequenceLogo, http://www.bio.cam.ac.uk/seqlogo/) are shown of the four conserved regions 
(I-IV) first identified in members of the α-amylase family (GH13) (Svensson, 1994) and which can also be 
found in GTF enzymes (GH 70). However, as a consequence of the circular permutation, region I occurs 
C-terminal of region II-IV in glucansucrase enzymes (see also Fig. 3). The same seven residues fully 
conserved in the family GH13 are also present in the glucansucrase family (indicated with arrows), except 
His 327 (CGTase B. circulans 251 numbering), which is replaced by Gln in all GTF enzymes (Monchois et 
al., 2000a). The three catalytic residues are indicated with white letters and black arrows. 
Mutations in the catalytic nucleophile in region II correspond to Asp229Asn, Asp415Asn and Asp1024Asn 
(resulting in drastic reduced enzyme activity) of CGTase from B. circulans 251, GTFI from S. mutans, and, 
GTFA from Lb. reuteri 121, respectively (Knegtel et al., 1995, Devulapalle et al., 1997, Kralj et al., 
2004d). Mutations in the acid/base catalyst in region III correspond to Glu257Gln, Glu453Gln and 
Glu1061Gln (resulting in drastic reduced enzyme activity) from B. circulans 251 (Knegtel et al., 1995) 
GTFI from S. mutans (Devulapalle et al., 1997) and GTFA from Lb. reuteri 121 (Kralj et al., 2004d), 
respectively. Mutations in the transition state stabilizer in region IV correspond to Asp328Asn, 
Asp526Asn, Asp1133Asn and Asp393Asn (resulting in drastic reduced enzyme activity) from B. circulans
251 (Knegtel et al., 1995), GTFI from S. mutans (Devulapalle et al., 1997), GTFA from Lb. reuteri 121 
(Kralj et al., 2004d) and amylosucrase from Neisseria polysaccharea (Sarcabal et al., 2000), respectively. 
Region I corresponds to His140 in B. circulans 251 CGTase, involved in transition state stabilization 
(Nakamura et al., 1993), which is replaced by Gln (Gln 1514 in GTFA of Lb. reuteri 121 in all GTF 





et al., 2002), GTFA from Lb. reuteri 121, GTFB from Lb. reuteri 121, GTFML1 from Lb. 
reuteri ML1, GTFBIO from Lb. reuteri BioGaia and GTF180 from Lb. reuteri 180 
(RDV- repeats; R(P/N)DV-x12-SGF-x19-22-R(Y/F)S, x, non-conserved amino acid residue) 
(Fig. 2) (Kralj et al., 2002, Kralj et al., 2004b, Kralj et al., 2004a), GTFKg3 from 
Lactobacillus fermentum Kg3 and GTFKg15 from Lactobacillus sakei Kg15 contain, 
respectively, 5 and 6 conserved and less-conserved YG-repeats, 
NDGYYFxxxGxxHºx(G/N)HºHºHº (x, non-conserved amino acid residue; Hº, 
hydrophobic amino acid residue) (Kralj et al., 2004b, Giffard & Jacques, 1994). In the 
variable region of GTF33 from Lactobacillus parabuchneri 33, 9 short unique repeating 
units, designated TTQ, were found. These repeats are 15 amino acids long 
(TTTQN(A/T)(P/A)NN(S/G)N(D/G)PQS, boldface type indicates conserved amino 
acids) and showed no significant similarity to any protein motif present in databases.  
 The function of the N-terminal variable domain (and these repeats) has remained 
unclear. Deletion studies of the complete N-terminal variable domain in GTFI of 
Streptococcus downei Mfe28 showed that it does not play a significant role in glucan 
structure determination (Monchois et al., 1999a). Additional N-terminal deletions into the 
catalytic core of GTFI of S. downei Mfe28 resulted in drastic loss of enzyme activity 
(Monchois et al., 1999c). The highly conserved motif INGQYY indicating the start of 
the catalytic core in GTF enzymes is absent in GTFB of Lb. reuteri 121. Its inactivity may 
be caused by the aberrant amino acid sequence at the start of its catalytic core (Kralj et al., 
2004b). The relatively large N-terminal variable domain of GTFA from Lb. reuteri 121 is 
important for initial activity with sucrose, but its deletion has only small effects on glucan 
characteristics (Kralj et al., 2004d).  
 
The catalytic domain of GTFs 
 Based on the amino acid sequences of the highly conserved catalytic domains, GTFs 
of Leuconostoc spp, Streptococcus spp., and Lactobacillus spp. belong to family 70 of 
glycoside hydrolase enzymes (GH70) (Henrissat & Bairoch, 1996). Up to know, there are 
no detailed structural data of the glucansucrases. However, in the absence of structural 
information an alternate approach has been to undertake molecular modeling studies of 
the enzymes. Secondary structure prediction studies of the catalytic domain show that 
glucansucrases possess a (β/α)8 barrel structure like glycosidases (including  α-amylase, 
cyclodextrin glycosyltransferase (CGTase), and amylosucrase of family GH13 
(MacGregor et al., 1996, Devulapalle et al., 1997). Most members of this family 
hydrolyze / synthesize α-(1→4) and α-(1→6) glucosidic linkages (van der Veen et al., 
2000). The (β/α)8-barrel structure motif is characterized by the presence of 8 β sheets 
(E1-E8) located in the core of the protein alternated with 8 α-helices (H1-H8) located at 
the surface of the protein. The (β/α)8-barrel of glucansucrases is circularly permuted. 





β-strand, the (β/α)8-barrel in glucansucrases starts with an α-helix and ends with a β-
strand equivalent to α-helix 3 and β-strand 3, respectively, in the α-amylases (MacGregor 
et al., 1996) (Fig. 3). The secondary structure predictions indicating the presence of a 
(β/α)8-barrel structure in glucansucrases was supported by circular dichroism experiments 
(Monchois et al., 1999b). The four conserved regions (I-IV) identified in members of 
family GH13 (Svensson, 1994) can also be found in glucansucrases. However, as a 
















Figure 3. Topology diagrams of a family GH13 enzyme (α-amylase; A), and of glucansucrases of family 
GH70 (B). The catalytic domain of α-amylases has a (β/α)8 barrel structure, starting with β-strand 1 and 
ending with α-helix 8. The B domain is located between β-strand 3 and α-helix 3. Glucansucrases have a 
circularly permuted (β/α)8 barrel structure (MacGregor et al., 1996), which starts with α-helix 3 (α-
amylase order) and ends with β-strand 3. Between α-helix 8 and β-strand 1, a large stretch with unknown 
function is located. The locations of the four conserved regions (I-IV) in family GH13 (and family GH70) 
are indicated with dashed boxes. Amyloscurase has a domain loop (Bdomain; important for polymerizing 
activity; indicated with a dashed line and circle) consisting of approximately 60 amino acid residues which 
is located after β-strand 7 (Skov et al., 2001, Skov et al., 2002), immediately after the two catalytically 
important His392 and Asp393 residues located in conserved region IV (Sarcabal et al., 2000) (Fig. 3). 
Glucansucrases also contain an additional loop (∼45 amino acids; indicated with a dashed line) compared 
to α-amylase enzymes, which is located between β-strand 7 and α-helix 7. Conceivably, this loop is also 
important for polymerizing activity. The approximate sites of the three catalytic residues (D, E, and D) are 
indicated. B = B domain, C= C domain, GBD = Glucan Binding Domain, VR = variable region. Fig. 3A 





glucansucrase enzymes (Figs. 2, 3 and 5). The seven amino acid residues that are fully 
conserved in the family GH13 are also present and fully conserved in the glucansucrase 
family, except His327 (CGTase Bacillus circulans 251 numbering), which is replaced by 
Gln in all GTF enzymes (Glu1514, GTFA Lb. reuteri 121 numbering; Figs. 2 and 5) 
(MacGregor et al., 1996, Monchois et al., 2000a).  
 Sequence alignments, mutagenesis and X-ray structure analysis studies within family 
GH13, enabled the identification of several amino acid residues involved in the formation 
of the glucosyl-enzyme intermediates (Uitdehaag et al., 1999), and / or essential for 
activity in family GH70 (GTF) enzymes (Monchois et al., 1999d). The enzymes of family 
GH13 contain three amino acids with carboxyl groups important for catalysis: Asp229, 
Glu257 and Asp328 (CGTase B. circulans 251 numbering) at or near the C-terminal β-
strands 4, 5 and 7 (using the structure element numbering of family GH13) (Fig. 3) 
(Uitdehaag et al., 1999). Equivalent important residues occur invariably in GTFs: e.g. 
Asp415, Glu453 and Asp526 in GTFI of S. downei Mfe28 and Asp1024, Glu1061 and 
Asp1133 in GTFA of Lb. reuteri 121 (Figs. 2, 3 and 5) (MacGregor et al., 1996, 
Devulapalle et al., 1997, Kralj et al., 2004d). Within both families the first Asp residue 
(catalytic nucleophile) is involved in formation of the covalent glucosyl-enzyme complex 
(Mooser & Iwaoka, 1989, Mooser et al., 1991, MacGregor et al., 1996, Uitdehaag et al., 
1999). However, the knowledge of primary sequences of glucansucrases alone is not 
sufficient for elucidation of the exact mechanism of enzyme catalysis (see below). 
 Efforts to obtain 3D structural information on enzymes of family GH70 have not yet 
succeeded. However, detailed structural information is available about amylosucrase of 
Neisseria polysaccharea (non-LAB), the only enzyme of family GH13 synthesizing a 
linear α-glucan from sucrose. The 3D structures of the enzyme, also in complex with 
sucrose, oligosaccharides and with a covalently bound glucopyranosyl moiety, resemble 
those of other proteins of family GH13 (Skov et al., 2001, Skov et al., 2002, Skov et al., 
2000, Mirza et al., 2001, Jensen et al., 2004, Uitdehaag et al., 1999, Strokopytov et al., 
1996, Knegtel et al., 1995). Amylosucrase of N. polysaccharea has an additional domain 
at the N-terminus with unknown function. In addition, the enzyme has a domain loop (B
domain; important for polymerizing activity) consisting of approximately 60 amino acid 
residues which is located after β-strand 7 (Skov et al., 2001, Skov et al., 2002) 
immediately after the two catalytically important His392 and Asp393 residues located in 
conserved region IV (Sarcabal et al., 2000) (Fig. 3). Glucansucrases also contain an 
additional loop (∼45 amino acids) compared to α-amylase enzymes, which is located 
between β-strand 7 and α-helix 7 (Fig. 3). Conceivably, this loop is also important for 
polymerizing activity. In amylosucrase the Asp394 residue next to the catalytic Asp393, 
is part of acceptor binding site +1 and involved in the correct positioning of the glucosyl 
residue at this site (Albenne et al., 2004). Mutagenesis of this residue resulted in changes 





In acarviosyltransferase (ATase) of Actinoplanes sp. strain SE50 the amino acid residues 
immediately next to the catalytic Asp328 also has interactions at subsite +1. Mutant 
Met329Thr in acarviosyltransferase (ATase) of Actinoplanes sp. strain SE50, immediately 
next to the catalytic Asp328 (CGTase B. circulans 251 numbering), also resulted in 
changed reaction specificity (10 × higher transferase activity on maltotetraose) (Leemhuis 
et al., 2004).  
 Mutagenesis of amino acid residues in this region in different GTF enzymes resulted 
in altered glucan solubility and structure (see below) (Remaud-Simeon et al., 2000, 
Shimamura et al., 1994, Monchois et al., 2000b, Kralj et al., 2004c). 
 
The C-terminal glucan binding domain of GTFs 
 Several studies have shown that the C-terminal domains of glucansucrases are 
involved in glucan binding. Therefore it has been designated as glucan binding domain 
(GBD) (Abo et al., 1991, Shah & Russell, 2002, Lis et al., 1995, Monchois et al., 1998b, 
Kralj et al., 2004d, Kato & Kuramitsu, 1990, Kingston et al., 2002). The C-terminal 
domain could possibly be involved in the determination of the structure of the synthesized 
glucan (Vickerman et al., 1996, Kralj et al., 2004d). The C-terminal GBD appears to be 
necessary for glucansucrase activity (Nakano & Kuramitsu, 1992, Kralj et al., 2004d). 
Examples exist, e.g. GTFI of S. downei Mfe28, where deletion of a large part of the C-
terminal GBD had a small effect on enzyme activity (Monchois et al., 1999a). Some GTF 
enzymes with deletions at the C-terminal end retained hydrolytic activity but glucan 
binding and synthesis properties had disappeared (Funane et al., 2000). The precise role 
of this GBD domain in enzyme catalysis remains largely unknown. The GBD may be of 
importance for polymer chain growth. It has been suggested that the C-terminal domain 
could also play a facilitating role in the transfer of products from the catalytic site 
(Monchois et al., 1998b). 
 The C-terminal domains of all reported glucansucrases are composed of a series of 
repeating units, which have been divided into four classes; A, B, C and D-repeats. Within 
these repeats, a common conserved stretch of amino acids, designated YG-repeat, 
NDGYYFxxxGxxHºx(G/N)HºHºHº (x, non-conserved amino acid residue; Hº, 
hydrophobic amino acid residue) can be distinguished (Giffard & Jacques, 1994). The 
number, class, and distribution of the repeats are specific for each enzyme. Ln. 
mesenteroides NRRL B-512F dextransucrase contains besides A and C repeats also N 
repeats, which have not been identified in streptococcal GTFs. These N repeats are not 
highly conserved but possess the main characteristics of YG-repeats (Monchois et al., 
1998b). Alternansucrase from Ln. mesenteroides NRRL B-1355 contains a single A 
repeat and distinct short repeats DG(X)4APY (Arguello-Morales et al., 2000). GTFA 
from Lb. reuteri 121, GTFB from Lb. reuteri 121, GTFML1 from Lb. reuteri ML1, 





short GBDs of 134-263 amino acids (Fig. 2; average length is 400-500 amino acids in 
other GTFs) (Monchois et al., 1999d), consisting of several conserved and less well 
conserved YG-repeats (Kralj et al., 2002, Kralj et al., 2004a, Kralj et al., 2004b). The 
putative GBDs of GTFKg15 from Lb. sakei Kg15, GTFKg3 from Lb. fermentum Kg3 and 
GTF33 from Lb. parabuchneri 33 contained a varying number of conserved and less well 
conserved YG repeating units and no A, B, C or D repeats could be identified. GTF33 
contains besides the 17 YG-repeats, two unique repeating units designated KYQ (49 
amino acids, AVK(T/A)A(K/Q)(A/T)(Q/K)(L/V)(A/N)K(T/A)KAQ(I/V)(A/T)KYQKAL 
KKAKTTKAK(A/T)QARK(S/N)LKKA(E/N(T/S)S(F/L)(S/T)KA) that showed no 
significant similarity to any protein motif present in databases. GTFKg15 possesses an 
additional stretch at the end of its putative GBD, which shows similarity to part of a 
putative extracellular matrix binding protein from Streptococcus pyogenes M1 
(AE006525; 44% similarity and 56% identity within 75 amino acids) (Kralj et al., 2004b).  
 
Catalytic mechanism of glucansucrases 
 Glucan polymer synthesis by glucansucrase enzymes proceeds in a processive manner, 
intermediate oligosaccharides can not be detected and polysaccharides of high molecular 
weight are obtained at early reaction times (Bovey, 1959, Ebert & Schenk, 1968, 
Tsuchiya et al., 1953). Two alternative mechanisms have been proposed for the glucan 
chain growth (Fig. 4): a) Non-reducing end elongation; this mechanism involves the 
presence of one site (an aspartate or glutamate) acting as a nucleophilic group and another 
residue acting as a proton donor, b) Reducing end elongation; according to this 
mechanism, the reaction occurs in two steps involving two sucrose binding sites 
(nucleophiles) (Robyt et al., 1974, Robyt, 1996, Monchois et al., 1999d) 
 Amylosucrase is expected to use the same double-displacement mechanism as other 
family 13 members (Uitdehaag et al., 1999, Albenne et al., 2004, Jensen et al., 2004), in 
which a covalent glucosyl-enzyme complex intermediate is formed. In a subsequent step 
this glucosyl moiety is transferred onto a water molecule (hydrolysis; main reaction 
catalyzed by α-amylases) or onto a hydroxyl group of a sugar acceptor 
(transglucosylation reaction). Both steps are suggested to proceed via oxocarbonium ion- 
like transition states. Polymer formation by amylosucrase proceeds in a nonprocessive 
way (release of the polymer chain after each glucosyl residue transfer) by elongation of 
the glucan chain at the non-reducing end. (Albenne et al., 2004).  
 Glucansucrases of family 70 elongate oligosaccharides at the non-reducing end 
(Arguello Morales et al., 2001, Dols et al., 1997, Mukasa et al., 2000, Monchois et al., 
2000a, Kralj et al., 2004a) possibly using the same mechanism as amylosucrase / family 
13 enzymes. Glucan elongation by glucansucrases possibly also takes place at the non-
reducing end. This hypothesis is supported by the fact that up to now only one site 





breakdown of sucrose has been clearly identified (Mooser et al., 1991). Nevertheless, 
further analysis of polymer formation by glucansucrases is required to elucidate the exact 











Figure 4. The two reaction mechanisms postulated for glucansucrase enzymes.  
(A) Non-reducing end elongation: only one covalent glucosyl-enzyme intermediate is involved. The glucan 
chain grows by successive insertions of glucose units between the catalytic site of the enzyme and the 
reducing end of the glucan polymer (Monchois et al., 1999d). (B) Reducing end elongation: according to 
this mechanism, the reaction occurs in two steps involving two sucrose binding sites (nucleophiles, 
presumably carboxylate anions): (i) the nucleophilic sites attack two sucrose molecules to give two 
covalent glucosyl-enzyme intermediates, and (ii) the C-6 hydroxyl of one of the glucosyl intermediates 
makes a nucleophilic attack onto C-1 of the other glucosyl intermediate to form an α-(1→6) glucosidic 
linkage and an isomaltosyl intermediate. The newly released nucleophilic site attacks another sucrose 
molecule to give a new glucosyl-enzyme intermediate. This symmetrical and alternative role of the two 
sucrose binding sites results in growth of the glucan chain by its reducing end (Robyt, 1996). X, 





Oligosaccharide synthesis by glucansucrases 
 Koepsel et al. (Koepsell et al., 1953) observed that in the presence of sucrose and 
acceptor molecules such as maltose, isomaltose, and O-α-methylglucoside, glucansucrase 
enzymes shifted from glucan synthesis towards the production of oligosaccharides 
(acceptor reaction). Most acceptor studies are performed using saccharides (Fu & Robyt, 
1991, Dols-Lafargue et al., 2001, Arguello Morales et al., 2001, Dols et al., 1997, Kralj et 
al., 2004a, Kralj et al., 2004d) or saccharide derivatives as acceptor substrates (Demuth et 
al., 2002, Richard et al., 2003, Cote & Dunlap, 2003). Also aromatic compounds (e.g. 
catechine) and salicyl alcohol have been shown to act as acceptor substrates (Meulenbeld 
& Hartmans, 2000, Yoon et al., 2004). Acceptors can be divided in two main classes: i) 
strong acceptors (e.g. maltose) which inhibit the synthesis of glucan polymer and ii) weak 
acceptors (e.g. fructose). The reaction with fructose becomes important at the end of the 
reaction when (leucrose, α-D-glucopyranosyl-(1→5)-β-D-fructofuranoside, the only 
acceptor product synthesized from fructose) is formed.  
 Dextransucrase from Ln. mesenteroides NRRL B-512F uses leucrose and sucrose 
itself not as acceptor, whereas the sucrose analogues isomaltulose (α-D-glucopyranosyl-
(1→6)-β-D-fructofuranoside) and trehalulose (α-D-glucopyranosyl-(1→1)-β-D-
fructofuranoside), and turanose (α-D-glucopyranosyl-(1→3)-β-D-fructofuranoside) and 
maltulose (α-D-glucopyranosyl-(1→4)-β-D-fructofuranoside) can be classified as strong 
acceptors and moderate acceptors, respectively (Demuth et al., 2002).  
 
GLUCANSUCRASES OF LACTIC ACID BACTERIA 
 A large number of glucansucrases genes have been sequenced, for an overview 
consult (http://afmb.cnrs-mrs.fr/~cazy/CAZY/index.html). The distribution of glucosidic 
linkages has been elucidated for the glucans synthesized by heterologously produced GTF 
enzymes from (i) 13 GTFs of seven Streptococcus strains (Monchois et al., 1999d, 
Hanada et al., 2002, Konishi et al., 1999), (ii) 7 GTFs of four Leuconostoc strains 
(Monchois et al., 1999d, Bozonnet et al., 2002, Neubauer et al., 2003, Funane et al., 
2001, Arguello-Morales et al., 2000), and (iii) 7 GTFs of seven Lb. reuteri strains (Kralj 
et al., 2002, Kralj et al., 2004a, Kralj et al., 2004b) (Table 1).  
 Only gtf genes encoding either dextran- or mutansucrase enzymes have been 
characterized in the genus Streptococcus (Monchois et al., 1999d, Hanada et al., 2002, 
Konishi et al., 1999). Leuconostoc strains carry gtf genes encoding mainly dextransucrase 
enzymes, but also one alternansucrase encoding gene, and one gene encoding a 
glucansucrase synthesizing large amounts of α-(1→2) branch linkages has been 
characterized (Arguello-Morales et al., 2000, Bozonnet et al., 2002, Monchois et al., 
1999d). Lactobacillus strains contain gtf genes encoding mainly dextransucrase enzymes. 





Lactobacillus strain which synthesized a highly branched mutan (Kralj et al., 2002, Kralj 








GLUCANSUCRASE SITE-DIRECTED MUTANTS 
Identification of the catalytic site 
 The three amino acid residues involved in catalysis (see above) occur invariably in 
GTFs. These are Asp415, Glu453 and Asp526 in GTFI of S. downei Mfe28 and Asp1024, 
Glu1061 and Asp1133 in GTFA of Lb. reuteri 121 (Figs. 2 and 5) (MacGregor et al., 
1996, Devulapalle et al., 1997, Kralj et al., 2004d). The importance of the first Asp 
residue has also been shown for other GTFs by site-directed mutagenesis experiments 
(Kato et al., 1992, Monchois et al., 1997) (Fig. 5). 
Table 1. Main characteristics of glucansucrases and glucans synthesized by heterologously produced GTF 
enzymes from lactic acid bacteria. * method used in linkage type analysis M = methylation; 13C = 13C 































 Members of the α-amylase superfamily contain two histidine residues involved in 
activity and proposed to be involved in stabilization of the transition state (Nakamura et 
al., 1993, MacGregor et al., 1996). One of those present in family GH13 (His327 in B. 
circulans 251 CGTase) is conserved in GTF enzymes (His1132 in Lb. reuteri 121 GTFA; 
Figs. 2 and 5). Its mutation (His661Arg in DSRS of Ln. mesenteroides NRRL B-512F and 
His561Gly in GTFB of Streptococcus mutans GS5) resulted in very low enzyme activity 
(Tsumori et al., 1997, Monchois et al., 1997) (Fig. 5). This residue thus may have a 
similar role in GTF enzymes. The other histidine residue (His140 in B. circulans 251 
CGTase), involved in transition state stabilization (Nakamura et al., 1993), is replaced by 
Gln in all GTF enzymes known (Gln1514 in Lb. reuteri 121 GTFA; Figs. 2 and 5) 
(MacGregor et al., 1996, Monchois et al., 2000a). Mutagenesis of this residue, mutation 
Gln937His in GTFI of Streptococcus downei, resulted in drastic but not complete loss of 
activity, suggesting that Gln937 plays no direct role in the cleavage of sucrose and in the 
formation of the covalent glucosyl-enzyme intermediate, but may also be important for 
transition state stabilization (Monchois et al., 2000a). In CGTase, mutation of the 
corresponding histidine residue (His140) resulted in lowered activity and altered 
distribution of α-, β-, and γ-cyclodextrins produced (Nakamura et al., 1993). Mutagenesis 
of Gln937Asn in GTFI also resulted in reduced activity and modified distribution of 
oligodextran and nigerooligosaccharide products (Monchois et al., 2000a). For two of the 
seven fully conserved residues, Arg1022 and Asp 1509, Lb. reuteri 121 GTFA numbering, 
no mutagenesis data is available for GTF enzymes. However, in CGTase mutagenesis of 
Figure 5. Sequence alignment of the conserved catalytic core of glucansucrases, GTFA of Lb. reuteri 121 
(Kralj et al., 2002), DSRS of Ln. mesenteroides NRRL B-512F (Monchois et al., 1997), GTFB of S. 
mutans GS5 (Shiroza et al., 1987), GTFC of S. mutans GS5 (Ueda et al., 1988), GTFI of S. downei Mfe28 
(Russell et al., 1987) and GTFD of S. mutans GS5 (Honda et al., 1990), indicating amino acid residues 
which have been subjected to site-directed mutagenesis studies (Chia et al., 1998, Monchois et al., 1999c, 
Monchois et al., 2000a, Monchois et al., 1997, Devulapalle et al., 1997, Monchois et al., 2000b, Remaud-
Simeon et al., 2000, Tsumori et al., 1997, Kralj et al., 2004d, Kralj et al., 2004c). 
* , identical residue; : , highly conserved residue; . , conserved residue; ∀, putative nucleophile 
(MacGregor et al., 1996, Devulapalle et al., 1997); ⇓, putative acid/base catalyst (MacGregor et al., 1996, 
Devulapalle et al., 1997); ♦, putative residue stabilizing the transition state (MacGregor et al., 1996, 
Devulapalle et al., 1997); , putative acceptor binding / glycosyl transfer sites (MacGregor et al., 1996); #, 
residues involved in glucan solubility and structure determination [α-(1→3)/α-(1→6)] as shown separately 
for different glucansucrases, mutated amino acids shown in bold face and underlined  (Shimamura et al., 
1994, Remaud-Simeon et al., 2000, Monchois et al., 2000a); aa, amino acid residues that have been 
mutated; -Ex-, localization of β-strands; -Hx-, localization of α-helices according to (MacGregor et al., 
1996). The four conserved regions (I-IV) identified in members of family GH13 (Svensson, 1994) can also 
be found in glucansucrases and are depicted boxed. Sequence of peptides to generate antibodies are lightly 






the corresponding residues (Arg227 and Asp135, CGTase B. circulans 251 numbering) 
resulted in a drastic decrease of activity (Leemhuis et al., 2003).  
 
Regions influencing the structure of the glucan and oligosaccharide products  
 GTFA derivatives containing mutation P1026V (located in conserved region II) 
showed a clear change in oligosaccharide and glucan products, with an increase of α-
(1→6) and a decrease of α-(1→4) glucosidic linkages (Kralj et al., 2004c). Mutations in 
the tripeptide immediately following the (putative) transition state stabilizing residue in 
GTFA of Lb. reuteri 121 (N1134S:N1135E:S1136V) resulted in a drastic increase in α-
(1→6) linkages (~40%) and a decrease in α-(1→4) linkages (~40%) in the polymer 
synthesized compared to wild type (Kralj et al., 2004c). A quintuple mutant was 
constructed, by combination of the triple amino acid mutant (N1134S:N1135E:S1136V) 
near region IV, with a double mutant (P1026V:I1029V) located in/near region II (Fig. 5), 
which resulted in an even further enhanced ratio of α-(1→6)/α-(1→4) glucosidic linkages 
in its oligosaccharide and glucan products (Kralj et al., 2004c).  
 Mutation T667R, located C-terminal of conserved region IV, in DSRS of Ln. 
mesenteroides NRRL B-512F resulted in 8% more α-(1→3) linkages in the dextran 
product (Remaud-Simeon et al., 2000). 
 
Identification of other important regions 
 In different GTF enzymes, mutations in an amino acid residue, located five amino 
acids behind the catalytic Asp1133 (similar to T667R in DSRS of Ln. mesenteroides 
NRRL B-512F), resulted in a shift in glucan (in)solubility (Fig. 5). Mutation T589E in 
GTFD of S. mutans GS5 lowered the amount of soluble glucan synthesized from 86% to 
2% (Shimamura et al., 1994). The reverse shift, from a completely insoluble glucan to 
more soluble glucan synthesis, was observed when the similar amino acid residue was 
mutated in GTFB (mutant D567T) of S. mutans GS5 (increase in soluble glucan from 0% 
to 24 %) and in GTFI (mutant D569T) of S. downei Mfe28 (Shimamura et al., 1994, 
Monchois et al., 2000b). 
 Mutation of I448V, located in conserved region II, in GTFB of S. mutans GS5 did not 
change the insolubility. Other amino acid residues influencing the (in)solubility of the 
glucan are: D457N (C-terminal of conserved region II), D571K (C-terminal of conserved 
region IV), K779Q and K1014T in GTFB of S. mutans GS5 and N471D (C-terminal of 
conserved region IV) in GTFD of S. mutans GS5, resulting in an increase of soluble 
glucan synthesis (from 0 to 37%), (from 0 to 18%), (from 0 to3 %) and (from 0 to14 %) 
and insoluble glucan synthesis (from 14 to 38%), respectively (Fig. 5). The most drastic 
effect was achieved (from 0 to 73% soluble glucan) when the six single GTFB mutants 
were combined. Although water insoluble glucans mainly contain α-(1→3) linkages and 





the linkage type and degree of branching of the glucans synthesized by these GTFB and 
GTFD site-directed mutants have not been reported; conceivably changes in either may 
have an effect on glucan solubility (Shimamura et al., 1994).  
 Mutation W491G in conserved region III of GTFB of S. mutans GS5 resulted in 
complete loss of enzyme activity. This Trp residue is almost completely conserved in 
GTF enzymes (Tsumori et al., 1997) (Fig. 5). Mutations in GTFA of Lb. reuteri 121, 
located near region IV, A1066N and H1065S:A1066S (making it more similar to 
GTFBIO) did not result in changes in glucosidic linkages synthesized. However, the 
double mutant showed a drastic change in enzyme activity: overall activity was lower 
than in wild type GTFA and no transferase activity could be measured (initial rates) (Kralj 
et al., 2004c). 
 The GTF catalytic core usually starts with 2-4 conserved tyrosine residues (Fig. 5). 
Conversion of one to four of these tyrosine residues at position 169-172 in GTFB of S. 
mutans GS5 into alanine residues had little effect on overall activity. Only the 
adhesiveness of glucan products synthesized was altered by the mutations (Tsumori et al., 
1997).  
 An antibody directed against a 15 amino acid peptide (Fig. 5) extending from amino 
acid 368 to 382 in GTFC of S. mutans GS5 strongly inhibited GTF enzyme activity 
(Dertzbaugh & Macrina, 1990) (Fig. 5). Mutational analysis of the corresponding region, 
located at the N-terminal end of the catalytic domain, in GTFI of S. downei Mfe28 
revealed that several residues in GTFI are important for activity. Mutations of Trp344Leu, 
Glu349Leu and His355Val resulted in a drop of activity of 30×, 4× and 7×, respectively 
(Monchois et al., 1999c). Using chemical modification and monoclonal antibodies a 
region important for activity, corresponding to GTFC residues 435 to 453, distinct from 
the catalytic triad was identified (Funane et al., 1993, Chia et al., 1993). The one Asp and 
two Glu residues present were suggested to provide an essential carboxyl group (Funane 
et al., 1993) (Fig. 5). The presence of functional carboxyl groups in this region has been 
confirmed by site-directed mutagenesis experiments (Fig. 5). Substitution of Asp511 and 
Asp513 of DSRS of Ln. mesenteroides NRRL-B512F in Asn resulted in complete loss 
and a strong decrease in glucan and oligosaccharide synthesizing activities, respectively 
(Monchois et al., 1997). The similar residues in GTFB (Asp411 and Asp 413) and GTFC 
(Asp437 and Asp439) have been mutated to Asn residues. In GTFB these single 
mutations resulted in greatly reduced but detectable glucan synthesizing activity. 
However, simultaneously introduction of both mutations resulted in complete loss of 
enzyme activity. In contrast, these single amino acid mutations in GTFC, resulted in 
complete loss of enzyme activity (Chia et al., 1998). Mutagenesis of GTFB Val412Ile and 
GTFC Val438Ile resulted in enhanced insoluble glucan synthesis of about 10 to 20%, 





type (Chia et al., 1998). Mutagenesis of GTFB Glu422Gln and GTFC Glu448Gln resulted 
in 40% reduced glucan synthesizing activity.  
 
PHYSIOLOGICAL FUNCTIONS OF GLUCANS OF LACTIC ACID BACTERIA 
 The physiological roles of glucans in lactic acid bacteria have not been clearly 
established, and are probably diverse and complex. The polymers may render protection 
to microbial cells in their natural environment, against desiccation, phagocytosis and 
phage attack, antibiotics or toxic compounds (e.g. toxic metal ions, sulfur dioxide, ethanol, 
predation by protozoans, osmotic stress). Alternatively, they may also play a role in 
adhesion of cells to solid surfaces and biofilm formation, and also in cellular recognition 
(e.g. via binding to a lectin) (Cerning, 1990, Jolly et al., 2002). Glucans may also 
contribute to increased oxygen tension and participate in the uptake of metal ions 
(Cerning, 1990). 
 Homopolysaccharides formed by oral streptoccocci apparently have a major influence 
on the formation of dental plaque. They are involved in adherence of bacteria to each 
other and to the tooth surface (Russell, 1990), modulating diffusion of substances through 
plaque and serving as extracellular energy reserves. Because of their clearly established 
role in dental caries formation (Balakrishnan et al., 2000), most attention has been 
focussed on oral streptococci such as S. mutans and Streptococcus salivarius strains 
(Ebisu et al., 1975, Shiroza & Kuramitsu, 1988, Rosell & Birkhed, 1974). 
 The presence of both glucan synthesizing and degrading enzyme(s) in a bacterium 
indicates that it can metabolize its polymer. Such observations have been made in 
streptococci (e.g. S. mutans and Streptococcus sobrinus), which hydrolyze the glucans 
(dextranases; Dex) produced by these plaque forming bacteria (Dewar & Walker, 1975, 
Igarashi et al., 2002, Parker & Creamer, 1971, Colby et al., 1995b, Colby et al., 1995a). 
 
APPLICATIONS OF POLY- AND OLIGOSACCHARIDES 
 EPS can be used as viscosifying, stabilizing, emulsifying, prebiotic, gelling or water 
binding agents in the food as well as in the non food industry (Sutherland, 1972). Dextran 
derivatives and activated dextrans are used in industrial and biomedical applications. (e.g, 
gel filtration products, blood plasma substitutes) (de Vuyst & Degeest, 1999).  
 Lactobacillus polysaccharides are of special interest because they may also contribute 
to human health as antitumoral (Oda et al., 1983), antiulcer (de Roos & Katan, 2000), 
immunomodulating (Schiffrin et al., 1995), or cholesterol-lowering (Roberfroid et al., 
1993) activity. Such beneficial properties of lactobacilli may be based on the 








Applications of glucans synthesized by lactobacilli 
 The GTF enzymes of Streptococcus sp. are generally produced constitutively (Kim & 
Robyt, 1994). GTF enzymes of Leuconostoc are specifically induced by sucrose, which is 
disadvantageous for several applications. Therefore, some constitutive Ln. mesenteroides 
mutants have been constructed (Kim & Robyt, 1994, Kitaoka & Robyt, 1998). 
Reuteransucrase from Lb. reuteri 121 is produced constitutively (van Geel-Schutten et al., 
1999). The GTF enzymes from Lb. reuteri 180 and Lb. parabuchneri 33 are also 
produced constitutively (unpublished data).  
 The only streptococcal species that is associated with food technology is 
Streptococcus thermophilus, which is used in the manufacture of yoghurt. The genus 
Streptococcus contains several well-known pathogens (e.g. Streptococcus pneumoniae) 
(Axelsson, 1998, Leroy & de Vuyst, 2004). Furthermore, glucans produced by oral 
streptococci play a key role in the cariogenesis process, by enhancing the attachment and 
colonization of cariogenic bacteria (Loesche, 1986). Leuconostoc strains play an 
important role in vegetable fermentations (Axelsson, 1998, Leroy & de Vuyst, 2004).  
 Lactobacilli are widespread in nature and many species have found applications in the 
food industry (e.g. in sourdough, Lactobacillus sanfranciscensis) (Axelsson, 1998, Leroy 
& de Vuyst, 2004). Several Lb. reuteri strains are able to produce anti-microbial 
metabolites (e.g. reutericyclin, reuterin and reutericin), which delay growth of some food 
borne pathogens (Kabuki et al., 1997, Ganzle et al., 2000, Talarico et al., 1988). 
Furthermore, some Lb. reuteri strains have probiotic properties (see below) as has been 
demonstrated in various animals and humans (Casas et al., 1998, Valeur et al., 2004). The 
range of glucans and oligosaccharides produced by GTF enzymes present in lactobacilli 
(Kralj et al., 2004d) may potentially act as prebiotics (see below) by stimulating the 
growth of probiotic strains or of beneficial endogenic strains of the gastrointestinal tract 
(Monsan & Paul, 1995, Olano-Martin et al., 2000, Chung & Day, 2002).   
 Lactobacillus (reuteri) strains producing glucans thus possess the following general 
advantages: (i) constitutive GTF enzyme production, (ii) safe (GRAS status), and (iii) 
(potential) pro- and prebiotic properties (see below). Glucans from lactobacilli are 
therefore interesting and feasible alternatives for the additives currently used in the 
production of foods (e.g. sourdough, yoghurts, and health foods). 
 
PROBIOTICS 
 A probiotic is a mono- or mixed culture of living microorganisms which, applied to 
animal or man, beneficially affects the host by improving the properties of the indigenous 
population of gastrointestinal microorganisms (Havenaar & Huis in 't Veld, 1992). 
Probiotic effects are considered to include inhibition of pathogenic microorganisms, 
antimutagenic and anticarcinogenic activity, increase of the immune response and 





 Lactobacilli have been used as probiotics to control intestinal disorders such as lactose 
intolerance, acute gastroenteritis due to rotavirus and other enteric pathogens, adverse 
effects of pelvic radiotherapy, constipation, inflammatory bowel disease, and food allergy 
(Saavedra, 2001, Shornikova et al., 1997, Salminen et al., 1996). The beneficial effects of 
these organisms have been attributed to their ability to suppress the growth of pathogenic 
bacteria, possibly by secretion of antibacterial substances such as lactic acid, peroxide and 
bacteriocins (Salminen et al., 1996). Their survival during the passage through the human 
gut, when administered in fermented milk products, has been investigated extensively in 
recent years. Well-controlled, small-scale studies on diarrhea in both adults and infants 
have shown that probiotics are beneficial and that they survive in sufficient numbers to 
affect gut microbial metabolism. Survival rates have been estimated at 20-40% for 
selected strains, the main obstacles for survival are gastric acidity and the action of bile 
salts. The carbohydrate-binding ability of a particular Lb. reuteri strain may be 
responsible for the adhesion to the mucosal surface of the intestine (Mukai et al., 1998, 
Mukai et al., 2004).  
 Lactobacillus reuteri ATCC 55730 was shown to colonize the human stomach, 
duodenum, and ileum. Furthermore, a clear immunomodulating effect in the human gut 
was observed (Valeur et al., 2004). This probiotic strain produces a soluble glucan 
(reuteran), in which the majority of the linkages are of the α-(1→4) glucosidic type 
(∼70%). This reuteran also contains α-(1→6) linked glucosyl units and 4,6-disubstituted 
α-glucosyl units at the branching points (Kralj et al., 2004a). The preference for 
synthesizing α-(1→4) linkages is also evident from the oligosaccharides produced from 
sucrose with different acceptor substrates, e.g. isopanose from isomaltose. This 
Lactobacillus strain and its oligosaccharide and glucan products potentially is a synbiotic 
(combination of pro- and prebiotic, see below). 
  
PREBIOTICS 
 Prebiotics are defined as "a non-digestible food ingredient that beneficially affects the 
host by selectively stimulating the growth and/or activity of one or a limited number of 
bacteria in the colon" (Gibson & Roberfroid, 1995). Certain oligosaccharides and 
polysaccharides (iso-maltooligosaccharides, lactulose, fructans and oligosaccharides 
containing α-(1→2) glucosidic bonds) are resistant to digestion by enzymes of the gastro-
intestinal tract (Bach Knudsen & Hessov, 1995, Rumessen & Gudmand-Hoyer, 1998, 
Cummings et al., 2001, Buchholz & Monsan, 2003). Fructooligosaccharides are resistant 
to digestion because of the presence of fructose units in the β-form. These 
oligosaccharides can, however, be fermented by beneficial microorganisms, such as 
bifidobacteria (Van Laere et al., 2000). Prebiotics therefore, selectively stimulate the 





was shown that when orally applied it reduces colitis (inflammatory bowel disease) in rat 
intestine (Videla et al., 2001). 
 Examples of the stimulating effect of pre- and synbiotics are: (i) addition of 
fructooligosaccharides causing an increase in the number of bifidobacteria in vitro 
(Gmeiner et al., 2000), (ii) upon administration of honey (honey contains in decreasing 
order fructose, glucose, maltose, and sucrose) to rats the number of lactic acid bacteria in 
the intestine increased dramatically (Shamala et al., 2000), (iii) mixtures of Lactobacillus 
acidophilus 74-2 and fructooligosaccharides gave rise to an increase in bifidobacteria in 
an artificial human intestinal microbial ecosystem (Gmeiner et al., 2000), (iv) a prebiotic 
effect of α-glucooligosaccharides has been demonstrated for piglets, broilers and calves: 
addition of 0.15% (w/w) of α-glucooligosaccharides to young calves feed for instance 
resulted in a 20% decrease of the veterinary costs (Monsan & Paul, 1995), (v) another 
study showed that α-glucooligosaccharides containing α-(1→2) glucosidic bonds 
promote the growth of the cellulolytic intestinal flora (Djouzi & Andrieux, 1997), and (vi) 
they also induced a broader range of glycolytic enzymes than fructooligosaccharides and 
galactooligosaccharides, without any important side-production of gasses and thus no 
detrimental effects (Djouzi & Andrieux, 1997). In short, gluco-, fructooligosaccharides, 
and inulin are of increasing interest to clinical nutritionists as functional food additives.  
 
CONCLUSIONS 
 Glucansucrases are composed of four different domains, with a highly conserved 
catalytic core containing a permuted (β/α)8 barrel structure. The different glucansucrase 
enzymes are highly similar in their catalytic core.  Nevertheless, they synthesize various 
α-glucosidic bonds (e.g. [α-(1→2)], [α-(1→3)], [α-(1→4)], and [α-(1→6)] in their 
polymer and oligosaccharide products resulting in a large variation of properties. Since 
there is no detailed structural information, the basis of linkage specificity is poorly 
understood.  
 
SCOPE OF THIS THESIS 
 This thesis focuses on structure/function relationships of glucansucrase enzymes of 
lactobacilli. The first glucansucrase charcaterized from a Lactobacillus, GTFA of Lb. 
reuteri 121 synthesizes a unique glucan polymer containing large amounts of α-(1→4) 
linkages. All other glucansucrases known (from streptococci and leuconostocs) 
synthesized glucans with different ratios of α-(1→3) and α-(1→6) linkages. The aims of 
the research described in this thesis were (i) to analyze a possibly wider distribution of 
glucansucrase genes and enzymes in lactobacilli, (ii) to isolate and characterize the 
glucansucrase genes and enzymes from different lactobacilli and analysis of their 
oligosaccharides and glucan products (iii) to identify GTF regions important in glucan 





understanding of GTF features determining linkage specificity within the oligo- and 
polysaccharide products synthesized. 
 Chapter 1 reviews current knowledge about the synthesis of glucans by 
glucansucrase enzymes from lactic acid bacteria and their applications.  
 In Chapter 2 a molecular approach was chosen to clone the gene encoding the 
glucansucrase (reuteransucrase) from Lb. reuteri 121. Conclusive evidence is presented 
that the heterologously produced glucansucrase is responsible for reuteran production by 
Lb. reuteri 121.  
 In Chapter 3 a biochemical and molecular characterization of the Lb. reuteri 121 
reuteransucrase (GTFA) is presented, including deletion analysis of its glucan binding 
domain, identification of its catalytic residues and characterization of oligosaccharides 
synthesized from sucrose with various acceptor substrates.  
 In Chapter 4 the isolation and subsequent molecular and biochemical characterization 
of a second reuteransucrase, isolated from a probiotic Lb. reuteri BioGaia strain is 
described. This enzyme synthesizes the largest amount of α-(1→4) linkages in its glucan 
(up to 70%) and oligosaccharide products reported to date. Furthermore, properties of the 
two reuteransucrase enzymes currently known are compared.  
 Chapter 5 describes identification of regions in GTFA of Lb. reuteri 121 which are 
important for α-(1→4) glucosidic bond specificity. A triple amino acid mutation resulted 
in a drastic decrease in α-(1→4) glucosidic bonds formed. The combination of this 
mutant with a double mutant located in a different region resulted in an even further 
decrease of α-(1→4) glucosidic bonds synthesized. Also within oligosaccharides 
synthesized by the different mutants the same shifts in linkages synthesized could be 
observed.  
 Chapter 6 shows that the genus Lactobacillus contains a wide variety of (putative) 
glucansucrase gene fragments.  
 In Chapter 7 glucansucrase genes from different lactobacilli are isolated, cloned and 
expressed in E. coli, showing that also the genus Lactobacillus synthesizes a wide variety 
of glucansucrase genes, enzymes and glucan products (dextran, mutan) as is observed for 
members of the genera Streptococcus and Leuconostoc. 
